Purpose-The relationship between FF determined based on multiple TE, unipolar GE images and 1 H-MRS was evaluated using different models for fat-water decomposition, signal-to-noise ratios (SNR), and excitation flip angles.
Introduction
The muscular dystrophies are a diverse set of genetic muscle diseases characterized by the absence or reduced expression of proteins essential for muscle structural integrity and function. In Duchenne muscular dystrophy (DMD), a mutation in the X-linked dystrophin gene (1) causes the absence or partial dystrophin expression, a membrane-associated cytoskeletal protein that maintains sarcolemmal integrity. DMD has a prevalence of 1 in 3,600-6,000 male births (2, 3) , and is characterized by progressive muscle weakness, loss of functional capabilities, and early death (4) . Congenital muscular dystrophy results from dominant and recessive mutations in any of the three genes encoding for the subunits of the collagen VI protein (COL6A1, COL6A2, and COL6A3), an extracellular matrix protein found in the basal lamina (5, 6) . The associated muscle collagen VI disorders (COL6) present a spectrum of severity, from the mild phenotype Bethlem myopathy to the severe Ullrich congenital muscular dystrophy, now recognized as one of the most common forms of congenital muscular dystrophy worldwide (6) . Hallmarks of the disease are joint hyperlaxity and contractures of the interphalangeal joints of the fingers, elbows and ankles. There is currently no cure for either form of muscular dystrophy, but recent preclinical and early clinical trials have indicated that adeno-associated gene delivery, small molecule drugs, and exon skipping compounds all offer great promise (7, 8) .
A feature shared by these diseases is the progressive loss of muscle tissue accompanied by the infiltration of fatty and fibrotic tissue. Accordingly, evaluation of intramuscular fat content has generated considerable interest as it represents a biomarker of the disease progression (9, 10) , and a potential outcome measure for the assessment of treatments in clinical trials. Due to its noninvasive nature and ability to distinguish between healthy muscle tissue and fat in dystrophic muscle, MR is particularly attractive. MR imaging of dystrophic muscle is made more challenging by the extreme signal heterogeneity that occurs in the chronically damaged and regenerating dystrophic muscle. T 1 and T 2 weighted imaging can provide a qualitative (11, 12) and quantitative (13, 14) assessment of muscle involvement, and the pattern of tissue involvement has been useful in muscle clinical evaluation. MR also offers a direct and quantitative alternative for the determination of lipid content through the use of magnetic resonance spectroscopy (MRS).
Localized 1 H-MRS is the gold standard to noninvasively measure muscle composition, and relaxation properties of individual metabolites, and has recently been used in a number of clinical studies (15, 16) . Early 1 H-MRS observations by (17) showed that dystrophic muscle could be characterized by increased lipid content. Recently, not only have single voxel 1 H-MRS methods revealed differences in lipid composition between control (CON) and DMD, but the total lipid content in DMD was correlated with clinical measures of muscle dysfunction (15) . However, 1 H-MRS has limited spatial resolution and coverage, and requires repeated measurement throughout the volume of interest or time consuming multivoxel acquisitions in order to obtain information from the majority of a muscle of interest.
Chemical shift-based water-fat separation MR imaging (18) may offer an alternative method. MRI can provide high-resolution three-dimensional imaging of muscle fat composition. Two and three point Dixon imaging have been shown to directly correlate to fat levels based on muscle biopsy (19) and to clinical severity of the disease in DMD (20) and in myotonic dystrophy (21) . Calibrated phantoms have provided support for the accuracy of the fat fraction (FF) (22) (23) (24) (25) and validation studies have been performed in liver to directly compare measurements made by chemical shift-based imaging to the corresponding standard 1 H-MRS measurements (24, 26, 27) . More recently, Fischer et al 2012 (28) found good agreement between single voxel MRS and three-dimensional dual gradient-echo in the lower back muscles. However, to the best of our knowledge, validation in diseased skeletal muscle has not been investigated.
Measuring fat composition in muscle tissue presents several potential challenges to quantitative imaging. Different models have been proposed to take into account the spectral complexity of fat and other confounding factors during fat and water separation algorithms such as the difference in T 1 and T 2 *s and chemical composition for fat and muscle (28) (29) (30) (31) (32) (33) . This may be of particular importance in muscular dystrophies, as the pathophysiological changes might alter tissue relaxation properties (13, 34, 35) . In addition, low signal to noise images have been suggested to affect the accuracy of the results, especially when one of the species is predominant (i.e. low fat fraction, low water fraction) (36) .
Therefore, the goal of this work was to evaluate the ability of chemical shift-based MR imaging to quantitatively assess fat fraction in dystrophic muscles. We studied the combined influence of the model used for fat/water spectral decomposition, flip angle, signal-to-noise ratio, T 2 , and T 1 variations on the calculated fat fraction in DMD, COL6 and control muscles. This was achieved through the use of different models for fat/water separation and comparison with relaxation corrected localized 1 H-MRS measures of fat fraction from the soleus (SOL) and vastus lateralis (VL) muscles.
Methods

Subjects
MR scans of the upper and lower leg muscles were acquired in unaffected volunteers (CON, n=22, age=18.0±12.6 yrs, range=5.5-44.6 yrs, 4 females, 18 males), subjects with confirmed congenital muscular dystrophy (COL6, n=16, age=22.9±17.2 yrs, range=5.9-55.3 yrs, 4 female, 12 males) and boys with Duchenne muscular dystrophy (DMD, n=71, age=9.3±2.3 yrs, range=5.3-14.8 yrs, all males). A subset of 32 subjects (CON: n=6, DMD: n=26) was examined on the following day in order to evaluate day-to-day reliability in imaging and MRS FF. All COL6 subjects were previously diagnosed with CMD types Ullrich, Bethlem or intermediate phenotypes based on 1) typical clinical features with onset of symptoms at birth or later and 2) abnormal collagen VI expression, as determined by immunostain on muscle biopsy sections and/or dermal fibroblast culture and/or DNA confirmation of a collagen VI mutation in either COL6A1, COL6A2 and COL6A3. All DMD subjects were previously diagnosed with DMD based on the absence of dystrophin by immunostaining on muscle biopsy sections and, western blots, or by DNA confirmation. The study was approved by the Institutional Review Board of the University of Florida, and an informed consent was obtained from the subject or from a parent or guardian for those participants not old enough to consent. Prior to each visit, subjects were asked to avoid any physical activity that exceeded their normal activity for 2 days.
MRI protocol
Subjects were placed supine in the bore of the magnet with the leg secured using foam padding and weighted with rice bags. Images were acquired on a 3T Philips Achieva system (Philips Medical Systems, R2.6.3-3.2) with an 8-channel receive only volume coil (lower leg), Tx-16 channel receive coil and a 2-channel receive-only flex coil (upper leg) (Invivo corp). Localizer images of the lower extremity skeletal muscles were obtained using T 1 -weighted 3D gradient echo (GE) with a flip angle of 20°. Images were acquired with SPectral selection Attenuated Inversion Recovery (SPAIR) fat suppression (lower leg: FOV=120×120×146 mm 3 , TR/TE=17/1.9 ms; upper leg: FOV=170×170×146 mm 3 , TR/TE= 24/1.8 ms) and without fat suppression (lower leg: FOV 120×120×146 mm 3 , TR/TE= 4.9/1.9 ms; upper leg: FOV 170×170×146 mm 3 , TR 6.1 ms, TE 1.4 ms).
Chemical shift-based MRI-Unipolar gradient echo (GE) images were acquired at 3 different echo times (TR/TE=430/8.06, 9.21, 10.36 ms) over 16-25 axial slices (4 mm slice thickness, 1 mm gap) with a 20° flip angle, and in subset of subjects with 5° flip angle. Acquisition matrix size (Read size range: 160-460, phase encode size range: 107-307) and field of view (AP, RL range: 80-230 mm, FH range: 64-124 mm) were adjusted depending on subject anatomy to obtain a 0.5 × 0.75 mm 2 true spatial resolution. The receiver bandwith was 126kHz. The average scan time was about 3.5 minutes and was well tolerated by our young subject population. DICOM files and individual receiver channel complex k-space were stored for off-line processing.
Single voxel 1 H-MRS-Single voxel 1 H-MRS was used to measure T 1 , T 2 and lipid composition from the SOL; (Fig. 1 ) and the VL muscles using STEAM (SW=2,000 Hz, number of points=2,048, number of averages=4 and a TR of 9,000 ms in order to avoid any T 1 saturation). This was accomplished by using two separate STEAM scans for measuring T 2 (16 echoes nonlinearly spaced between 10-288 ms) and T 1 (6 inversion times: 100-9,000 ms). For the VL, 4 echoes were acquired: TE=11, 27, 54 and 243 ms. 1 H-MRS fat fraction was calculated in both SOL and VL muscles from the TE=27 ms STEAM measurement. This measurement was selected for its relatively short TE to minimize the amount of lipid signal T 2 correction required, and to minimize J-coupling effects and at longer echo times (37) . The 27 ms TE acquisition was chosen over the 11ms as a compromise to reduce baseline oscillations from unsuppressed water while retaining a relatively short TE.
Voxel placement was optimized based on T 1 w 3D images to maximize the volume of acquisition within the SOL or VL, while minimizing out-of-volume contamination by the surrounding muscle fascia (Fig 1A and B) . Out-of-volume contamination was previously determined using a bi-compartmental calibration phantom, containing lipid and water (38) .
Data Analysis
We modeled the average proton muscle fat spectrum based on spectra acquired from 11 DMD and COL6 subjects with high fat fractions. These subjects had well-resolved fat peaks which permitted manual peak fitting by a single operator. Manual peak fitting was performed in Mnova (MestReLab Research, Santiago de Compostela, Spain) in the frequency domain by first phasing and baseline correcting the spectrum at TE=11 ms. Each spectrum's main CH 2 peak was referenced to 1.3 ppm. Then, for each visible resonance, the Gaussian-Lorentzian parameters were chosen to minimize the residual between the original and fitted spectrum. Finally, the fitted peak locations and amplitudes were recorded for each subject. The results were averaged to create a spectrum of 8 peak locations and relative amplitudes used in the imaging water/fat separation model (Table 1) . 1 H-MRS fat fraction was calculated as the total signal from the lipid region normalized to the sum of H 2 O and lipid signals. Signal amplitudes were measured by 1) peak integration applied to the phase corrected and baseline corrected spectrum using in-house software developed in IDL 8.1 (Exelis, CO) and 2) AMARES (jMRUI 5.0) according to the 8-peak muscle fat spectrum model. With area integration, the area under the 0.50-2.75 ppm lipid range was computed directly by summing the respective signal values, and the resulting sum was increased by 6.6% to account for the lipid contribution at 5.4 ppm not taken into account by integration. The H 2 O signal was obtained by integrating in the same way over the 4.30-5.10 ppm range (Figure 1c ). In the AMARES model, an initial zero-order phase correction was applied with water referenced at 4.7 ppm. The starting values and prior knowledge for the water and lipid peaks were set according to the 8-peak muscle fat spectrum model. The water and lipid signals were corrected for T 2 relaxation in the TR=9,000 acquisitions. Water was corrected using subject-specific T 2 measurements, and lipid was corrected using an apparent T 2 of 59.1 ± 2.9 ms for lipid. This apparent T 2 was estimated by fitting the amplitude from 0.50 -2.75 ppm to a single exponential decay model in a subset of 28 subjects with moderate-to-high fatty infiltration.
All GE data were zero-filled to obtain an interpolated in-plane resolution of (0.5 mm) 2 . Coil combination was performed using an adaptive filter method that preserved the relative image phase (39) . Water, fat and B 0 field maps were jointly estimated from the GE complex images using a graph cut algorithm in conjunction with a single peak (1P) or a 8-peak model (8P) fat signal model (40) . Chemical shift misregistration between the water and fat separated images was corrected by shifting the reconstructed fat-only image the proper amount to compensate. To achieve sub-voxel shifting, the Fourier transform of the fat-only image was multiplied by an appropriate two-dimensional linear phase. The result was inverse transformed to produce the final, shifted image.
The 1 H-MRS voxel (size, rotation, position) was co-registered to the GE image stack using the subject-to-image space coordinate transformations obtained from the DICOM data files. The co-registered 1 H-MRS voxel mask was applied to the modulus of the complex water and fat maps to extract the mean signal values. An additional sample of the background noise was taken from the water and fat maps from a region of interest away from the leg. Mean and standard deviation of the background noise were then used to correct for Rician noise bias as described by Miller et al. (41) , according to the following equation, where M c is the corrected signal value, M is the measured signal value, and M N is the measured noise floor in a region of interest away from the leg.
Fat fraction (FF) was computed using the mean water (MW) and mean fat (MF) values from the coregistered ROI, and corrected for T 1 saturation (c) using the following equation:
where c = c w /c f . The correction factor c was estimated from the gradient echo signal model using group mean T 1 s (CON, C6, DMD) for water and a fixed T 1 of 360 ms for lipid. A constant flip angle was assumed across the region of interest.
Phantom Validation
MRI based FF measures and the correction methods applied in this study were first validated on a set of phantoms. These phantoms consisted of three 1 L plastic bottles filled with equal amounts of water doped with copper sulfate (35 mM) and peanut oil (Fisher Scientific, Pittsburgh, PA) (Fig 2) . Each bottle was imaged separately using the following protocol. A single 12 mm thick image slice and multiple single voxel STEAM spectra were prescribed within a rectangular region passing from 100% water to 100% peanut oil (fat) and angled to produce a gradient of fat-water composition. The STEAM voxels were prescribed inside and along the slice plane (Fig 2) . Water T 2 was measured using localized 1 H-MRS and found to be 31.9 ± 0.1 ms.
Statistics
Coefficient of variations (CV) were computed to examine the variability between repeated measures. Specifically, for each MRI measure, a CV(%) was calculated separately for each subject by dividing the standard deviation of the repeated measure by the mean of the repeated measure multiplied by 100. All group comparisons were made using unpaired t-test with Welch's correction and a two-tailed p-value using Prism Software (GraphPad, v6.0b). Statistical significance was defined as a p-value less than or equal to 0.05. Linear regressions were performed in Prism Software using linear least squares. All values are reported as means and standard error of the means.
Results
Phantom Validation of Fat Fraction Measurement
The phantom experiments allowed for the creation of a linear gradient of FFs in order to test the robustness of the different water-fat spectral models. We performed water/fat separation on each phantom's data (n=3) using both the single peak model and a pre-calibrated peanut oil model computed as in (42) . For each model, MRI and MRS FF were highly reproducible. The MRI derived FF differed significantly between the single peak and peanut oil models, with the single peak model underestimating FF at MRS FF between 0.2-0.8, as shown in Figure 2c . The correlation between the FF determined using single voxel 1 H-MRS and the peanut oil model was (y=0.91×+0.06; R 2 = 0.99; p<0.001, Fig 2c) .
Muscle T 1 and T 2 Measured by 1 H-MRS
Because underlying muscle damage and inflammation in dystrophic muscle has the potential to induce shifts in tissue water relaxation time constants, we measured muscle water T 1 and T 2 in affected and control muscles using inversion recovery and variable TE STEAM MRS (Table 2) . We found that compared to control, DMD SOL muscle water T 1 was significantly elevated in both DMD (DMD: 1,466 ± 21 ms (n=12) and COL6 (1,408 ± 11 ms, (n=16)) vs. CON (1,377 ± 10 ms, n=9). Likewise, muscle water T 2 was significantly elevated in dystrophic SOL muscles (DMD: 31.3 ± 0.2 ms (n=71); COL6: 29.5 ± 0.3 ms (n=16) compared to CON (27.9 ± 0.1 ms (n=18)). In the VL, T 2 values were 27.5 ± 0.5 ms in CON (n=6), 30.0 ± 0.5 ms in COL6 (n=16), and 29.6 ± 0.8 in DMD (n=10)). The number of T 1 measurements in the VL was limited due to time constraints in the overall imaging protocol. However, VL T 1 was measured to be 1,403 ± 9.1 ms (n=6), 1,504 ± 14 ms (n=6), 1,424 ± 28 (n=4) in control, DMD and COL6 respectively ( Table 2 ). When pooling all muscle results, we found a positive linear relationship between muscle T 1 and T 2 (Fig 3; R 2 =0 .72, p<0.001).
In vivo Validation of Fat Fraction Measurements by Water-Fat Separation Imaging
In vivo testing of the water/fat separation was performed by comparing the MRI results to single voxel non water suppressed STEAM spectra obtained from the SOL and VL in subjects ranging from low FF (1%) to almost complete fatty tissue replacement in the thigh muscles (>80%). We compared the FF results obtained by MRI acquired with a 20° flip angle to those obtained by MRS and determined using: 1) a model independent method based on peak integration, and 2) a 8-peak muscle fat spectrum model fitting using AMARES.
Whereas a single peak water/fat separation algorithm resulted in deviation away from linearity (Fig 4a; y=0 .74×−0.02, R 2 =0.93), we found that the 8-peak water/fat separation algorithm resulted in a relationship closer to the line of identity between MRI and MRS muscle fat fractions determined both by peak integration (y=0.96×+0.01, R 2 =0.98; Fig 4b) and by a 8-peak water-lipid model in AMARES (y=0.93×+0.02, R 2 =0.98; Fig 4c) . However, at the lowest FF (below 0.3), the relationship between MRI and MRS results deviated from linearity. The Bland-Altman plots (Fig 4) show the largest bias (SD=0.061) and 95% confidence limits of agreement ([−0.067,0.174]) for the 1P model compared to the 8P (SD=0.043; [−0.078, 0.091]). Indeed, MRI showed a systematic overestimation of FF as compared to MRS at low fat fraction, and this effect was even more pronounced in the 5° gradient echo acquisitions, in which signal-to-noise ratio was lower than with a 20° flip angle (Fig. 5) . In a subgroup of subjects (n=62) we acquired and implemented noise bias correction on the data acquired at both 20° (Fig. 5b) and 5° (Fig. 5c ) flip angles. The noise bias correction was able to reduce the overestimation of FF in the data set obtained with a 20° flip angle. This bias was also corrected in the 5° data set, however with a larger variability.
Day to Day Reproducibility
Prior to noise bias correction the average day-to-day variability in imaging FF was found to have a coefficient of variance (CV) of 12% in control muscle (n=6) and 5.3% in DMD muscle (n=26) and was characterized by a relative error in the FF of 54.3% in DMD muscles and 120% in control muscles when compared to the MRS results. Following noise bias correction, the day-to-day variability (CV) in FF was 13% in control muscle and 14% in DMD muscle, and the relative error in FF was decreased to 22% and 6%, respectively. This error corresponded to an absolute difference of 0.006±0.005, 0.002±0.004 in FF between days in both control and DMD SOL muscles. The corresponding day-to-day variation in the same ROI determined by MRS was determined to be 5.7% CV and 3.4% CV in control and DMD respectively.
Heterogeneity in Fat Deposition in DMD and COL6
Dystrophic muscle was characterized by a significantly increased FF (p<0.005) in comparison to control muscles based both on MRI and MRS measures in the SOL and VL (Fig. 6 ). Mean MRS FF was elevated by 3.7 fold in the SOL and 10.8 fold in the VL of DMD subjects and was elevated by 4.7 fold in the SOL and 8.1 fold in the VL of COL6 subjects compared to controls. MRI determined FF was significantly elevated compared to controls in all dystrophic muscles except for the COL6 VL (Fig. 6d) . We found that tremendous spatial heterogeneity existed within the dystrophic muscles, as shown by the FF histograms found within the co-registered ROIs (Fig. 7) . SOL and VL MRS VOIs represented between 5,000-8,000 pixels in the corresponding MRI derived FF maps. Histogram of these VOIs revealed features that could be used to further differentiate dystrophic muscles from unaffected control muscles, and that a different pattern of involvement exists within dystrophic muscles despite the same overall FF.
Discussion
In this study we showed that MRI based muscle FF determination was highly correlated with co-localized single voxel 1 H-MRS results in muscle over the full range of measured FFs when using the appropriate combination of multipeak (8-peak) fat-water separation algorithm, and T 1 and T 2 relaxation times correction. We also found that noise bias correction allowed for improved accuracy of FF determination at low fat fractions associated with early stages of the disease progression or in unaffected, control muscles. Consistent with previous findings in dystrophic muscle, we found that muscle water T 2 was elevated in dystrophic muscle (both COL6 and DMD), but a new observation was that we also found the muscle water T 1 was elevated and correlated with increased muscle T 2 at 3T. This allowed us to examine if there is an additional T 1 bias over the range of T 2 observed in dystrophic muscle. Despite a higher day-to-day variation in FF calculation, MRI based FF maps could be used to clearly differentiate affected from control tissue. In addition the highspatial resolution FF maps produced by imaging allowed us to extract out the underlying spatial heterogeneity in fatty tissue deposition in the calf and thigh muscles of subjects with COL6 and DMD, information that could not be obtained by single voxel 1 H-MRS.
Fat fraction maps can be extracted from MR images using a number of methodologies based on differences in lipid and water in chemical shifts (16, 20, 21, 43) , T 1 (44, 45) and T 2 (44, (46) (47) (48) . Since the original description of fat-water separation based on the differences in signal magnitude between out of phase and in phase images by Dixon (18) , chemical shift based MR imaging has become a widely used method to perform high resolution fat and water imaging. Accurate modeling of fat-water chemical shift differences, correction for noise and T 1 bias, and B 0 field mapping have all shown to be critical to obtain accurate FF maps (49) . Based on the excellent spatial resolution achievable with chemical shift sensitive MRI, applications in various myopathies are rapidly emerging (20, 21, 50, 51 ) and the specific model assumptions for their use in muscle are being examined. In agreement with previous findings (52) we found that the calculated FF value was highly dependent on whether a single or a multipeak model was used for separation of fat and water. In this work, we have extended the study of this relationship to include not only the model dependence but also a comparison of the results to the gold standard of relaxation corrected localized 1 H-MRS. A limitation of this study was the limited number of TE times that were acquired limited our ability to be able to discriminate between different models of the fat spectrum that have been observed in subcutaneous fat, liver and muscle (53) .
The ability to match the region of interest measured by single voxel proton MRS with FF maps calculated using MRI allowed for the direct correlation of FF in a plantar flexor and a knee extensor muscle, which are differently affected in the muscular dystrophies (2, 12) . The differential involvement of these muscles provided a large range of FF values (1%-86%) to compare MRS results with MRI derived values, which is not possible in the general unaffected population. We found a strong linear correlation between FF determined using a multipeak fat-water model and MRS values, whereas the relationship between a single peak model and MRS was found not to be linear over the full range of FFs. The 1 H spectrum in muscle is more complicated than the model used to fit the data, which is primarily due to susceptibility shifted lipids (54) . With the limited echo sampling conditions in which the imaging data was acquired, it is not possible to distinguish between multiple lipid models including differences in saturation index (53) or IMCL from EMCL (54) . Due to the orientation and muscle dependence of IMCL and EMCL levels, it cannot be ruled out that this led to increased variability in our results. Our technique may not be suitable for applications where the discrimination between IMCL and EMCL levels are desired (e.g., diabetes), and in these cases that require separation of IMCL and EMCL more advanced imaging methods (55) or spectroscopy should be considered.
The correlation between MRI and MRS determined FF at low FF values was improved by accounting for the noise bias. These results show that accurate FF maps can be obtained by chemical shift based fat-water imaging. Validation of chemical shift based fat-water imaging for FF fraction determination has been provided by Gaeta, et al (51) , in which a histochemical measure of fat content obtained from muscle biopsies was directly compared to a dual echo, dual flip angle acquisition.
We determined the reproducibility of both MRI and MRS determined muscle fat fractions measurements in unaffected and DMD subjects. Inter-rater observer variability for 3-point Dixon approach has been reported to be extremely low at ~2.5% (21) in subjects with myotonic dystrophy type I and ~3% in diabetic subjects (43) . In the present study, using a voxel guided approach, we determined the day-to-day variability in both unaffected and DMD subjects. This variability takes into account differences due to both biological and instrumentation variations, such as daily activity, subject position, and scan quality. Prior to noise bias correction the day-to-day CV in the MRI determined FF was 12% and 5.3 % for controls and DMD, respectively. Noise bias correction increased the accuracy of the imaging FF as compared to the corresponding MRS volume, but resulted in an increase in day-to-day CV to 13% and 14% for controls and DMD, respectively. MRS on the other hand was found to have a day-to-day CV=5.7% even in the lowest FF from the unaffected controls. Unavoidably, both MRI and MRS FF measurements are influenced by noise at the lowest levels of fat SNR. Thus, increased averaging may be necessary to achieve higher SNR and increase precisions of both techniques to discriminate small differences between the low FF in the unaffected controls. This has previously been reported as a possible limitation of using chemical shift separation methods in the heart due to the low myocardial lipid content (56) . As the muscle is increasingly replaced by fatty tissue during disease progression and lipid SNR is increased, the variability in FF will decrease. This was empirically demonstrated in this study by the reduced day-to-day variation observed in both MRI and MRS in the DMD boys who possess a higher FF.
A limitation of this study was the use of a long initial TE and only two subsequent echoes acquired for water fat discrimination. As a consequence the analysis of the imaging data is complicated by the effects of susceptibility on lipid chemical shift (55), T 2 * (57) and noise bias (58) . This could potentially explain the larger variability at low fat fractions, especially in the 5-degree MRI acquisitions. The relatively long initial TE provides time for the multiple fat signals to evolve under chemical shift local field inhomogeneities, and therefore may affect the fidelity of fat-water separation. A shorter initial TE will decrease noise bias by increasing SNR, will help to reduce T 2 * effects, and reduce the time under which the multiple fat signals may interact, increasing both the accuracy and decreasing day-to-day variability. In addition, a MRI acquisition scheme which increased TE sampling may not only help to measure the T 2 * but also to evaluate the influence of tissue heterogeneity that exists in dystrophic muscle on both water T 2 * and lipid chemical shifts. Further improvements in the reproducibility of the measurements at low FF are expected to be achieved with accurate dual T 2 * mapping (57), emerging noise bias compensations schemes (58, 59) , and optimization of acquisition parameters tailored specifically to muscle studies (59, 60) .
We investigated whether differences in muscle T 1 existed in dystrophic muscle. It has been well established that large differences in water and fat T 1 values result in a large T 1 bias under conditions of signal saturation, with short TR and/or large flip angles (31) . Differences in T 1 values between dystrophic and unaffected muscles could offer an additional source of bias. Since the early MRI studies of dystrophic muscle it has been shown that T 2 is increased and T 1 decreased in muscles experiencing fatty tissue replacement (61) . Due to chemical shift dispersion, MRS has the ability to measure the T 1 from water and fat independently in heavily fatty tissue infiltrated muscle. In the present study we found that water T 1 and T 2 were both increased in DMD muscle, with water T 1 being increased by 6.6% and T 2 by 11% percent. As a group, both COL6 and DMD muscle T 1 and T 2 values were significantly elevated compared to unaffected controls. This provides the unique opportunity to determine whether there is an additional T 1 bias that exists in dystrophic and damaged muscle due to an elevated tissue T 1 . Using the largest difference in T 1 between DMD (1,458 ± 30 ms) and the mean unaffected muscle T 1 (1,368 ms), we calculated a "worst-case" T 1 bias ranging between 1.49-1.33% for FF from 1%-10% when using the imaging parameters in this study (flip angle=20 deg, TR=430 ms). This T 1 bias could be further reduced by decreasing the flip angle (31, 58, 62) . However, our findings indicate that the associated decrease in SNR would increase noise bias at the lower FF, which may be counterproductive and result in further deviations from the true FF. Both spectroscopic imaging and 1 H-MRS have the potential to quantify intramuscular fat and have been used to characterize the muscular dystrophies. Gaeta et al. (19) found a strong correlation between FF measured by two-point Dixon imaging and by muscle biopsy, while a strong correlation has been also found between quantitative MR measures of fat infiltration and measures of functional ability (63) . Despite having different molecular and genetic etiologies, FF was elevated in both the SOL and VL muscles of COL6 and DMD subjects. The FFs determined by MRS were 3.20 ± 2.23 fold greater in the quadriceps muscle (VL) in comparison to the calf muscle (SOL) of boys with DMD, which is characteristic of the proximal to distal involvement shown both clinically and by histology in this population. The relative difference in FF between COL6 VL and SOL was 2.36 ± 1.30 fold, indicating a similar pattern of involvement as DMD. Previous cross sectional studies in both DMD (20, 51) and myotonic dystrophy (21) patients have shown good correlations between FF calculated by chemical shift based imaging, muscle function and clinical scoring. The data here are presented as a cross sectional study; future longitudinal studies will provide insight into the sensitivity of these measures to detect disease progression.
The ability to image and quantify the heterogeneity in dystrophic muscle with high resolution in three dimensions not only makes MRI a diagnostic tool, but also gives it the potential to monitor therapeutic intervention. Semi-quantitative scoring of differential muscle group involvement in conjunction with molecular/histological testing has become a powerful tool helping the diagnosis and even reclassification (64) of many different types of muscle dystrophies and myopathies (12) . Visual scoring according to the Mercuri scale within a single muscle group has been shown to correlate to histopathological grade (11) performed on biopsies and to be a powerful inclusion criterion for the clinical trials using exon-skipping drugs. In addition, Alizai et al, 2012 (30) found that "semi-quantitative grading of intramuscular fat and quantitative fat fraction were significantly correlated and both techniques had excellent reproducibility. However, the clinical grading was found to overestimate muscle fat. The availability of accurate fat-water mapping may further strengthen this approach.
Chemical shift based MRI for fat water separation offers a quantitative method to capture not only FF but also an index of the underlying tissue heterogeneity. 1 H-MRS gives an extremely sensitive and reproducible measure of FF but any index of underlying tissue heterogeneity is lost due to its relatively low spatial resolution. For instance, a single voxel acquired for 1 H-MRS in this study was found to be, on average, equivalent to 5,000 imaging voxels. Histogram analysis of such a VOI that covers the MRS voxel clearly demonstrated that extreme heterogeneity in FF as determined by chemical shift based MRI existed within muscles and between dystrophy subjects (Fig 7) . It is anticipated that these high-resolution quantitative maps of the fatty tissue replacement will provide sensitive indices of disease progression or response to therapeutic intervention since different muscles and muscle fibers are not all expected to respond to an intervention in the same manner. Significant image processing challenges have to be overcome in order to extract the features that characterize the natural history of disease progression as well as capture the differences between the individual dystrophy types and muscle groups within a subject. For instance it is widely accepted that COL6 is characterized by increasing involvement of the muscle extending inward from the external fascia (6) while DMD is more diffuse (12) . Texture analysis offers great promise in this arena and is an area of future research. Example of co-registration of single voxel MRS data from the soleus muscle with multislice water maps generated by MRI from calf of a DMD subject in (a) sagittal orientation and (b) axial orientation. A typical muscle spectrum is shown in (c) with numbered peaks corresponding to Table 1 . Phantom testing of water/fat decomposition algorithm using a single peak (SP) and a multipeak (MP) spectral models on three individual phantoms. Scan plan location (a) and fat fraction map (b) with 1 Relationship between muscle fat fraction measured by MRI and MRS in all groups and muscles using (a) a single peak model (y=0.74×−0.02, R 2 =0.93), or (b) a multi-peak (8-peak) model (y=0.96×+0.01, R 2 =0.98) for fat spectral decomposition. MRS determined fat fractions were determined based using a model independent method (peak integration in a and b) and using a 8 peak fat-water model in AMARES (y=0.93×+0.02, R 2 =0.98) (c). The dashed line represents the identity line. The corresponding Bland-Altman plots are shown to the right of each relationship. Examples of histograms from the medial gastrocnemius of two different COL6 subjects with similar fat fraction as measured by MRI. Subject (a) showed fatty infiltration inward from the external fascia, which was associated with a bimodal fat fraction distribution (c), whereas subject (b) showed a unimodal distribution characteristic of a more diffuse pattern of fat infiltration. 
